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Abstract  Recent  research  results  indicate  that  eddy  current 
conductivity  measurements  can  be  exploited  for  nondestruc¬ 
tive  evaluation  of  subsurface  residual  stresses  in  surface- 
treated  nickel-base  superalloy  components.  According  to 
this  approach,  first  the  depth-dependent  electric  conductivity 
profile  is  calculated  from  the  measured  frequency-dependent 
apparent  eddy  current  conductivity  spectrum.  Then,  the 
residual  stress  depth  profile  is  calculated  from  the  conduc¬ 
tivity  profile  based  on  the  piezoresistivity  coefficient  of  the 
material,  which  is  determined  separately  from  calibration 
measurements  using  known  external  applied  stresses.  This 
paper  presents  new  results  that  indicate  that  in  some  popular 
nickel-base  superalloys  the  relationship  between  the  electric 
conductivity  profile  and  the  sought  residual  stress  profile  is 
more  tenuous  than  previously  thought.  It  is  shown  that  in 
delta-processed  IN718  the  relationship  is  very  sensitive  to 
the  state  of  precipitation  hardening  and,  if  left  uncorrected, 
could  render  the  eddy  current  technique  unsuitable  for  resid¬ 
ual  stress  profiling  in  components  of  36  HRC  or  harder,  i.e.. 
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in  most  critical  engine  applications.  The  presented  experi¬ 
mental  results  show  that  the  observed  dramatic  change  in  the 
eddy  current  response  of  hardened  IN718  to  surface  treat¬ 
ment  is  caused  by  very  fine  nanometer-scale  features  of  the 
microstructure,  such  as  and  precipitates,  rather  than 
micrometer-scale  features,  such  as  changing  grain  size  or  8 
phase  and  carbide  precipitates. 
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1  Introduction 

Surface  enhancement  methods,  such  as  shot  peening  (SP), 
laser  shock  peening  (ESP),  and  low-plasticity  burnishing 
(LPB),  significantly  improve  the  fatigue  resistance  and  for¬ 
eign  object  damage  tolerance  of  metallic  components  by 
introducing  beneficial  near-surface  compressive  residual 
stresses.  Moreover,  the  surface  is  slightly  strengthened  and 
hardened  by  the  cold- working  process.  By  far  the  most  com¬ 
mon  way  to  produce  protective  surface  layers  of  compres¬ 
sive  residual  stress  is  shot  peening,  though  it  is  probably  also 
the  worst  technique  from  the  point  of  view  of  damaging  cold 
work  which  substantially  decreases  the  thermo-mechanical 
stability  of  the  micro  structure  at  elevated  operating  temper¬ 
atures  and  leads  to  accelerated  relaxation  of  the  beneficial 
residual  stresses  11].  Although  ESP  and  LPB  produce  sig¬ 
nificantly  deeper  compressive  residual  stress  than  SP,  their 
main  advantage  over  SP  is  that  they  produce  much  less  cold 
work  on  the  order  of  5-15%  equivalent  plastic  strain. 

Nondestructive  residual  stress  assessment  in  surface- 
enhanced  engine  components  is  important  because  there  is 
mounting  evidence  that  it  is  not  possible  to  reliably  and  ac¬ 
curately  predict  the  remaining  service  life  of  such  compo- 
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nents  without  properly  accounting  for  the  presence  of  near¬ 
surface  compressive  residual  stresses  [2].  Unfortunately, 
both  the  absolute  level  and  spatial  distribution  of  the  resid¬ 
ual  stress  are  rather  uncertain  partly  because  the  stress  is 
highly  susceptible  to  variations  in  the  manufacturing  process 
and  partly  because  subsequently  it  tends  to  undergo  thermo¬ 
mechanical  relaxation  at  operating  temperatures.  The  only 
currently  available  practical  NDE  method  for  residual  stress 
assessment  is  based  on  X-ray  diffraction  (XRD)  measure¬ 
ment  that  is  limited  to  an  extremely  thin,  less  than  20  jam 
deep,  surface  layer  [3].  Because  of  this  limitation,  XRD 
residual  stress  profiling  necessitates  the  repeated  removal 
of  thin  surface  layers  by  electro-polishing,  therefore  the 
method  is  inherently  destructive.  When  such  layer  removal 
is  performed,  the  measured  stress  needs  to  be  corrected  for 
the  stress  relaxation  and  redistribution  that  occurs  during 
layer  removal  [4] . 

2  Eddy  Current  Conductivity  Spectroscopy 

Because  of  the  above  discussed  limitations,  the  NDE  com¬ 
munity  has  been  looking  for  alternatives  to  characterize 
residual  stress  profiles  in  surface-treated  engine  components 


for  many  years  and  eddy  current  conductivity  spectroscopy 
emerged  as  one  of  the  leading  candidates  [5-27].  Eddy  cur¬ 
rent  residual  stress  profiling  is  based  on  the  piezoresistivity 
of  the  material,  i.e.,  on  the  characteristic  dependence  of  the 
electric  conductivity  on  stress.  Eigure  1  shows  a  schematic 
representation  of  physics-based  eddy  current  residual  stress 
profiling  in  surface-treated  components.  In  order  to  remove 
the  influence  of  the  measurement  system  (coil  size,  shape, 
etc.)  the  actually  measured  complex  electric  impedance  of 
the  probe  coil  is  first  transformed  into  a  so-called  appar¬ 
ent  eddy  current  conductivity  (AECC)  parameter.  At  a  given 
inspection  frequency,  the  AECC  is  defined  as  the  electric 
conductivity  of  an  equivalent  homogeneous,  non-magnetic, 
smooth,  and  fiat  specimen  placed  at  a  properly  chosen  dis¬ 
tance  from  the  coil  that  would  produce  the  same  complex 
electric  coil  impedance  as  the  inhomogeneous  specimen  un¬ 
der  study  [15].  Near-surface  residual  stress  assessment  is 
based  on  the  relative  difference  in  electric  conductivity  be¬ 
tween  the  compressed  regions  just  below  the  surface  and  the 
intact  material  deep  below  the  surface,  where  it  is  not  af¬ 
fected  by  surface  treatment.  Accordingly,  the  apparent  eddy 
current  conductivity  difference  A  AECC  at  each  frequency 
is  normalized  to  the  AECC  measured  at  the  lowest  available 
inspection  frequencies. 
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Fig.  1  A  schematic  representation  of  physics-based  eddy  current  residual  stress  profiling  in  surface-treated  components  (the  principal  path  is 
highlighted) 
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If  spurious  material  (e.g.,  magnetic  permeability)  and 
geometric  (e.g.,  surface  roughness)  variations  can  be  ne¬ 
glected,  the  frequency-dependent  AECC  can  be  inverted  for 
the  depth-dependent  electric  conductivity  profile  (this  prin¬ 
cipal  path  is  highlighted  in  Fig.  1).  Then,  using  the  known 
piezoresistivity  of  the  material,  the  sought  residual  stress 
profile  can  be  calculated.  Unfortunately,  besides  the  sought 
near-surface  residual  stress,  the  measured  complex  elec¬ 
tric  coil  impedance,  and  therefore  also  the  inferred  AECC, 
is  also  affected  by  the  presence  of  cold  work  and  surface 
roughness.  The  electric  conductivity  variation  due  to  resid¬ 
ual  stress  is  usually  weak  1  %)  and  rather  difficult  to  sep¬ 
arate  from  these  accompanying  spurious  effects.  In  certain 
materials,  such  as  austenitic  stainless  steels,  cold  work  might 
also  cause  significant  magnetic  permeability  variation  which 
affects  the  measured  coil  impedance.  Fortunately,  nickel- 
base  superalloys  do  not  exhibit  such  ferromagnetic  transi¬ 
tion  from  their  paramagnetic  state  [19].  In  addition,  because 
of  their  significant  hardness,  shot-peened  nickel-base  super¬ 
alloy  components  exhibit  only  rather  limited  surface  rough¬ 
ness  (~2-3  jam  rms),  therefore  the  influence  of  geometri¬ 
cal  irregularities  is  also  limited.  Still,  as  the  inspection  fre¬ 
quency  increases  the  eddy  current  loop  becomes  squeezed 
closer  to  the  rough  surface,  which  creates  a  more  tortuous, 
therefore  longer,  path  and  might  lead  to  a  perceivable  drop 
of  AECC  above  30-40  MHz  [28-30]. 

In  order  to  translate  the  measured  frequency-dependent 
AECC  into  a  depth-dependent  electric  conductivity  profile 
in  a  nonmagnetic  medium,  first  a  simplistic  inversion  tech¬ 
nique  was  developed  [16],  which  was  recently  followed  by 
the  development  of  a  highly  convergent  iterative  inversion 
technique  [21].  Both  techniques  indicated  that  at  any  given 
frequency  the  measured  AECC  corresponds  roughly  to  the 
actual  electric  conductivity  at  half  of  the  standard  penetra¬ 
tion  depth  assuming  that  (i)  the  electric  conductivity  vari¬ 
ation  is  limited  to  a  shallow  surface  region  of  depth  much 
less  than  the  probe  coil  diameter,  (ii)  the  relative  change  in 
electric  conductivity  is  less  than  a  few  percents,  and  (iii)  the 
electric  conductivity  depth  profile  is  continuous  and  fairly 
smooth.  Alternatively,  best  fitting  of  the  measured  electric 
coil  impedance  with  the  known  analytical  solution  can  be 
used  assuming  that  the  conductivity  profile  can  be  charac¬ 
terized  by  a  small  number  of  independent  parameters  [24]. 
Finally,  the  sought  residual  stress  profile  is  calculated  from 
the  electric  conductivity  profile  based  on  the  piezoresistivity 
coefficient  of  the  material,  which  is  determined  separately 
from  material  calibration  measurements  using  known  exter¬ 
nal  applied  stresses  [17]. 

The  main  limitation  of  residual  stress  profiling  by  eddy 
current  conductivity  spectroscopy  is  that  the  feasibility  of 
this  technique  seems  to  be  limited  to  nickel-base  super¬ 
alloys,  though  some  beneficial  information  on  increasing 
hardness  could  be  also  obtained  by  this  technique  on  ti¬ 
tanium  and  aluminum  alloys.  Unfortunately,  even  in  the 


case  of  nickel-base  superalloys,  there  exist  some  serious 
limitations  that  adversely  influence  the  applicability  of  the 
eddy  current  method.  First,  forged  nickel-base  superal¬ 
loys  often  exhibit  significant  conductivity  inhomogeneity 
that  could  interfere  with  subsurface  residual  stress  char¬ 
acterization  [18].  Second,  these  materials  are  susceptible 
to  cold-work-induced  micro  structural  changes  that  cause  a 
conductivity  increase  similar  or  even  larger  than  the  pri¬ 
mary  conductivity  increase  caused  by  compressive  residual 
stresses  [19].  Third,  the  electrical  conductivity  in  nickel- 
base  superalloys  is  rather  low  (~1.5%  lACS)  therefore  the 
standard  penetration  depth  is  relatively  high  at  a  given  in¬ 
spection  frequency  (~180  jam  at  10  MHz).  Therefore,  we 
cannot  fully  reconstruct  the  critical  near- surface  part  of  the 
residual  stress  profile  in  moderately  peened  components  us¬ 
ing  only  typical  inspection  frequencies  below  10  MHz.  In 
such  cases,  special  high-frequency  inspection  techniques 
are  needed  to  extend  the  frequency  range  up  to  50-80  MHz, 
i.e.,  beyond  the  range  of  commercially  available  instruments 
[22-26]. 

To  illustrate  the  advantages  of  high-frequency  conductiv¬ 
ity  spectroscopy.  Fig.  2  shows  the  cold  work  (a)  and  resid¬ 
ual  stress  (b)  profiles  obtained  by  destructive  XRD  mea¬ 
surements  in  shot-peened  IN  100  specimens  of  Almen  4 A, 
8 A,  and  12A  peening  intensities.  For  comparison  purposes. 
Fig.  2(b)  also  shows  the  residual  stress  profiles  reconstructed 
from  the  measured  AECC  spectra.  Except  for  a  sharper- 
than-expected  near- surface  “hook”  observed  in  the  Almen 
8A  specimen,  which  is  most  probably  caused  by  imperfect 
lift-off  rejection  above  25  MHz,  the  general  agreement  be¬ 
tween  the  AECC  and  XRD  data  is  very  good.  In  the  first 
step,  the  depth-dependent  electric  conductivity  change  was 
calculated  using  the  previously  described  iterative  inversion 
procedure  [21].  Then,  the  sought  depth  profile  of  the  resid¬ 
ual  stress  was  estimated  by  neglecting  cold  work  and  surface 
roughness  effects.  In  order  to  get  the  good  overall  agree¬ 
ment  illustrated  in  Fig.  2(b),  we  had  to  use  a  corrected  value 
of  the  electroelastic  coefficient  /c ip  =  —1.06,  which  is  33% 
lower  than  the  independently  measured  average  value  for 
IN  100.  The  exact  reason  for  the  need  for  this  “empirical” 
correction  is  currently  not  known,  but  it  is  likely  connected 
to  the  issue  of  precipitation  hardening  discussed  later  in 
this  paper  and  will  require  further  investigation.  However, 
it  should  be  pointed  out  that  this  underestimation  of  the 
residual  stress  level  by  the  inverted  AECC  relative  to  the 
destructive  XRD  results  does  not  seem  to  be  physically  re¬ 
lated  to  the  experimentally  observed  overestimation  in  Was- 
paloy  and  IN7 1 8  alloys  due  to  increasing  electric  conductiv¬ 
ity  caused  by  microstructural  changes  under  extensive  cold 
work  [19].  Since  a  single  correction  factor  was  sufficient  to 
bring  all  the  AECC  and  XRD  results  into  good  agreement 
with  each  other  for  all  three  peening  intensities  in  spite  of 
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Fig.  2  XRD  profiles  of  near-surface  cold  work  (a)  and  residual 
stress  (b)  compared  to  the  inverted  eddy  current  residual  stress  profile 
in  shot  peened  IN  100  specimens  of  Almen  4 A,  8 A  and  12A  peening 
intensity  levels 


their  very  different  levels  of  cold  work,  the  cause  of  this  ap¬ 
parent  underestimation  by  the  AECC  method  is  most  prob¬ 
ably  the  intrinsic  variation  of  the  electroelastic  coefficient 
with  microstructure. 

Previous  experimental  observations  indicated  that  the 
sensitivity  of  eddy  current  conductivity  spectroscopy  is 
fairly  low,  but  still  sufficient  for  residual  stress  profiling  in 
certain  surface-treated  engine  alloys.  However,  the  electrical 
conductivity  and  its  stress-dependence  are  rather  sensitive 
to  microstructural  variations,  therefore  the  selectivity  of  this 
method  leaves  much  to  be  desired.  Recent  research  revealed 
a  series  of  situations  where  anomalous  stress-dependence 
and  relaxation  behavior  were  observed  [25,  26].  This  is  not 
surprising  at  all  in  the  case  of  an  inherently  indirect  non¬ 
destructive  method  and  should  not  lead  to  abandoning  the 
eddy  current  approach,  especially  since  no  better  alterna¬ 
tive  is  known  at  this  point.  A  recent  paper  by  the  authors 
reviewed  four  previously  unreported  experimental  observa¬ 
tions  of  anomalous  materials  behavior  and  proposed  further 
research  efforts  to  better  understand  the  underlying  physical 
mechanisms  and  to  mitigate  the  adverse  influence  of  these 
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Fig.  3  Typical  A  AECC  spectra  measured  in  (a)  annealed  IN718, 
(b)  precipitation-hardened  IN718,  and  (c)  Ti-6A1-4V  specimens 
shot-peened  to  different  intensities 


phenomena  on  eddy  current  residual  stress  profiling  [25]. 
The  most  important  case  of  apparently  anomalous  behav¬ 
ior  was  observed  in  precipitation-hardened  IN718  material 
that  is  very  different  from  those  of  the  commercial  versions 
reported  in  the  literature  [15,  18-24]. 

Figure  3  shows  typical  AECC  spectra  measured  in  (a)  an¬ 
nealed  IN718,  (b)  precipitation-hardened  IN718,  and  (c)  Ti- 
6A1-4V  specimens  shot-peened  to  different  intensities.  An¬ 
nealed  IN718  shown  in  Fig.  3(a)  exhibits  the  classical  be¬ 
havior  of  materials  with  negative  electroelastic  coefficient, 
i.e.,  the  AECC  change  caused  by  compressive  subsurface 
stresses  is  positive  and  increases  with  peening  intensity  as 
well  as  with  inspection  frequency.  It  has  been  shown  that  in 
such  soft  (HRC  24)  materials  the  AECC  change  monoton- 
ically  decreases  with  thermal  relaxation  [15].  In  contrast, 
precipitation-hardened  IN718  shown  in  Fig.  3(b)  exhibits 
opposite  behavior  with  apparently  positive  electroelastic  co¬ 
efficient,  i.e.,  the  measured  AECC  change  is  negative  and 
increases  with  peening  intensity  as  well  as  with  inspection 
frequency  [25,  26],  therefore  it  is  similar  to  the  behavior  ob¬ 
served  in  Ti-6A1-4V  shown  in  Fig.  3(c),  which  is  dominated 
by  cold  work  effects  [31]. 
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One  obvious  indication  of  the  different  microstruc¬ 
ture  of  annealed  and  precipitation-hardened  IN718  is  that 
the  electric  conductivity  is  perceivably  lower  in  the  an¬ 
nealed  material  (~1.5%  lACS)  than  in  the  hardened  one 
(~1.63%  lACS).  It  could  be  expected  that  the  electroelas¬ 
tic  coefficient  also  changes,  at  least  slightly,  with  hard¬ 
ness.  Unfortunately,  the  specimens  used  in  this  study  did 
not  have  the  bar-shape  geometry  that  would  have  allowed 
us  to  measure  their  electroelastic  coefficients  by  the  stan¬ 
dard  method  developed  for  this  purpose  [17].  Therefore,  we 
had  to  rely  on  electroelastic  coefficient  measurements  on 
similarly  processed  and  hardened  IN718  specimens  from 
an  earlier  study  and  it  is  left  for  a  follow-up  study  to  es¬ 
tablish  whether  the  electroelastic  coefficient  exhibits  a  per¬ 
ceivable  dependence  on  precipitation  hardening.  Our  ear¬ 
lier  quasi- static  materials  calibration  measurements  showed 
that  the  unitless  normalized  electroelastic  coefficient  of  the 
fully  hardened  (HRC  46)  material  is  about  /Cip  =  — 1.14,  i.e., 
also  negative,  though  its  magnitude  is  roughly  30%  smaller 
than  that  of  the  corresponding  value  (/cip  =  —1.57)  found 
in  annealed  IN718  [25].  In  other  words,  the  precipitation- 
hardened  material  exhibits  a  markedly  different  behavior 
from  the  annealed  version.  The  same  behavior  was  reported 
by  Hillman  et  al.  who  also  discovered  that  in  the  hardened 
alloy  thermal  relaxation  produces  an  increase  rather  than 
decrease  in  the  magnitude  of  the  AECC  change  [26] . 

Hillman  et  al.  suggested  that  “macroscopic”  features  of 
the  microstructure,  such  as  reduced  grain  size  and  increased 
concentration  of  coarse  (~l-|am-diameter)  carbide  particles, 
might  be  responsible  for  the  observed  differences  in  eddy 
current  behavior  between  different  states  of  microstructures 
created  by  very  different  thermal  processing  [26].  The  main 
goal  of  our  current  research  effort  was  to  verify  whether 
this  is  indeed  the  case  or  the  higher  electric  conductivity 
and,  most  importantly,  the  negative  AAECC  spectrum  in 


surface-treated  components  are  actually  due  to  much  more 
subtle  “microscopic”  features  of  the  microstructure,  e.g.,  the 
changing  volume  fraction  of  very  fine  y'  and  y"  precipitates 
that  are  far  too  small  (~10-nm-diameter)  to  observe  on  low- 
magnification  micrographs. 

3  Influence  of  Precipitation  Hardening 

In  order  to  further  investigate  the  influence  of  precipita¬ 
tion  hardening  on  eddy  current  residual  stress  profiling 
in  surface-treated  nickel  alloys,  a  series  of  fine-grain  5- 
processed  IN718  specimens  were  provided  by  Honeywell 
Engines  of  Phoenix,  Arizona.  5 -processing  of  IN718  uses  an 
intentional  5  phase  precipitation  cycle  and  subsequent  ther¬ 
momechanical  processing  to  produce  uniform  fine  grain  dis¬ 
tribution  [32,  33].  Table  1  lists  the  thermal  treatment  times 
and  resulting  hardness  levels  of  twelve  specimens  used  in 
our  tests.  Eirst,  all  twelve  specimens  were  solution  annealed 
at  982° C  for  30  minutes  and  then  air  fan  cooled  to  room 
temperature.  Then  specimens  #3  through  #10  were  partially 
aged  by  heating  the  specimens  to  704°  C  and  holding  them 
for  the  listed  treatment  time  before  air  fan  cooling  to  room 
temperature.  Samples  #11  and  #12  were  exposed  to  the  full 
two-step  aging  thermal  cycle  (704°C — 8  hrs,  649°E — 8  hrs). 
At  each  treatment  time  two  specimens  were  produced,  there¬ 
fore  there  were  only  six  different  treatment  levels  with  the 
small  random  difference  between  two  specimens  of  the  same 
treatment  level  indicating  the  repeatability  of  the  treatment. 
After  heat  treatment,  all  twelve  specimens  were  machined 
into  25.4  mm  x  25.4  mm  x  12.5  mm  rectangular  blocks  and 
then  shot  peened  to  Almen  4A  intensity  on  one  side  and  to 
Almen  6A  intensity  on  the  other  side. 

Eigure  4  shows  the  optical  images  of  the  5 -processed  mi¬ 
crostructure  in  IN7 1 8  specimens  that  represent  the  six  dif¬ 
ferent  hardness  levels  achieved  by  the  six  different  treatment 


Table  1  Heat  treatment 
procedures  and  Rockwell  C 
hardness  levels  of  twelve 
fine-grain  IN718  specimens 
used  in  our  tests 


ID 

Solution  anneal 

at  982° C 

Aging 

at  704°C 

Post  aging 

at  649°C 

HRC 

#1 

30  minutes 

none 

none 

24.9 

#2 

30  minutes 

none 

none 

26.5 

#3 

30  minutes 

0.1  minutes 

0  hours 

31.0 

#4 

30  minutes 

0.1  minutes 

0  hours 

33.8 

#5 

30  minutes 

6  minutes 

0  hours 

31.9 

#6 

30  minutes 

6  minutes 

0  hours 

33.8 

#7 

30  minutes 

24  minutes 

0  hours 

35.9 

#8 

30  minutes 

24  minutes 

0  hours 

35.7 

#9 

30  minutes 

2  hours 

0  hours 

39.0 

#10 

30  minutes 

2  hours 

0  hours 

39.3 

#11 

30  minutes 

8  hours 

8  hours 

45.5 

#12 

30  minutes 

8  hours 

8  hours 

45.3 
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Fig.  4  Optical  images  of  the 
microstructure  in  5 -processed 
IN718  specimens  of  various 
hardness  levels.  The  average 
grain  size  is  approximately 
10  p.m  while  the  average  8 
phase  and  carbide  precipitate 
size  is  1-2  p.m 


a)  #1,  HRC  24.9  b)  #3,  HRC  31.0 


times  listed  in  Table  1 .  Most  of  the  visible  particles  are  8  pre¬ 
cipitates  rather  than  carbides  which  are  concentrated  at  the 
grain  boundaries.  The  average  grain  size  remained  constant 
at  approximately  10  jdm  in  all  specimens.  Similarly,  the  av¬ 
erage  8  precipitate  and  carbide  particle  size  also  remained 
constant  at  around  1-2  jam  and  their  number  density  did  not 
change  perceivably  either.  Therefore,  we  can  conclude  that 
any  change  in  hardness  and  eddy  current  response  exhib¬ 
ited  by  these  specimens  must  be  due  mainly  to  more  sub¬ 
tle  changes  in  the  density  and  size  of  fine  precipitates  that 
are  not  visible  on  these  low-magnification  micrographs.  It  is 
known  that  strengthening  of  IN718  is  mainly  caused  by  y" 
precipitates  and,  to  a  much  lesser  degree,  by  y'  precipitates 
{y"  precipitates  are  disk-shaped  NisNb  particles  with  body- 
centered  tetragonal  (bet)  structure  while  y'  precipitates  are 
spherical  Ni3(Al,  Ti)  particles  of  cubic  structure). 

Figure  5  shows  superlattice  dark-field  TEM  images  of  the 
micro  structure  in  IN718  specimens  of  various  hardness  lev¬ 
els.  These  images  were  produced  by  combining  the  (001) 
and  (011)  y"  diffraction  peaks,  therefore  the  bright  specks 
are  very  fine  y"  precipitates  that  play  crucial  roles  in  both 
hardening  the  material  and  controlling  its  electric  proper¬ 
ties.  Figure  5  illustrates  that  thermal  aging  causes  coarsen¬ 


ing  of  the  y"  precipitates.  The  coarsening  of  y"  precipitates 
follows  the  Lifshitz-Slyozov- Wagner  (LSW)  time-law  [34, 
35]  according  to  which  the  average  volume  of  y"  precipi¬ 
tates  grows  linearly  with  aging  time 

-Ll^K”{T)t,  (1) 

where  L  is  the  mean-diameter  of  the  disk-shaped  y"  precip¬ 
itates,  Lq  is  the  initial  diameter  before  thermal  aging,  t  is 
the  aging  time,  and  K"  is  an  empirical  constant  determined 
by  the  aging  temperature  T  (a  similar  relationship  exists  for 
y'  precipitates  as  well).  At  704°C,  the  range  of  K"  values  in 
the  literature  is  0.08-0.3  nm^/s  for  mean-diameters  between 
10  and  50  nm  [36-38]. 

The  intrinsic  and  extrinsic  factors  that  affect  the  electri¬ 
cal  conductivity  of  nickel-base  alloys  are  likely  to  be  com¬ 
plex  and  depend  on  the  nature  of  both  the  y  matrix  (com¬ 
position,  presence  of  short-range  order,  etc.)  and  y'  and 
y"  precipitates  (size,  volume  fraction)  as  well  as  on  how 
each  constituent  is  affected  by  cold  work.  In  general,  solute 
atoms  in  solid  solution  decrease  the  electric  conductivity 
by  reducing  the  strict  periodicity  of  the  lattice  and  thereby 
increasing  electron  scattering,  as  does  cold  working  to  a 
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Fig.  5  Superlattice  dark-field 
TEM  images  of  the 
microstructure  in  IN718 
specimens  of  various  hardness 
levels 


a)  #1,  HRC  24.9  b)  #3,  HRC  31.0 


e)  #9,  HRC  39.0 


smaller  extent  by  producing  an  increasing  density  of  de¬ 
fects  (dislocations,  vacancies,  etc.).  On  the  other  hand,  pre¬ 
cipitation  of  ordered  phases  generally  increases  conductiv¬ 
ity  by  decreasing  the  solute  concentration  and  hence  scat¬ 
tering  from  the  solid  solution  matrix  in  which  they  form. 
Our  current  study  is  limited  to  establishing  the  crucial  role 
of  y"  precipitate  coarsening  in  the  eddy  current  response 
of  precipitation-hardened  IN718  nickel-base  superalloy.  The 
underlying  physical  mechanisms  responsible  for  this  behav¬ 
ior  will  have  to  be  the  subject  of  future  investigations. 

Figure  6  shows  the  XRD  residual  stress  and  cold  work 
profiles  of  six  IN7 1 8  specimens  listed  in  Table  1  after  shot 
peening.  According  to  Figs.  6(a)  and  6(b),  the  average  peak 
(compressive)  stress  at  the  surface  was  —1270  MPa  and 
— 1324  MPa  for  the  six  surfaces  of  Almen  4 A  and  Almen  6 A 
peening  intensity,  respectively.  A  more  significant  change 
can  be  observed  by  comparing  the  half-peak  depth  of  the 
compressed  surface  layers,  which  increased  from  ~0.05  mm 
at  Almen  4A  intensity  to  ~0.076  mm  at  Almen  6A  inten¬ 
sity.  More  importantly,  the  residual  stress  profiles  do  not 
exhibit  any  perceivable  trend  with  increasing  hardness,  i.e., 
within  experimental  uncertainties,  they  are  all  the  same  re¬ 


gardless  of  the  level  of  hardening.  A  similar  conclusion  can 
be  drawn  by  comparing  the  XRD  cold- work  profiles  shown 
in  Figs.  6(b)  and  6(d).  For  simplicity,  the  figures  show  the 
width  of  the  observed  XRD  peak,  which  is  directly  related 
to  the  equivalent  plastic  strain  in  the  material.  As  expected, 
the  average  peak  widening,  therefore  also  the  average  cold 
work,  is  somewhat  higher  at  the  higher  peening  intensity 
level,  but,  even  in  this  un-calibrated  form,  the  XRD  data 
clearly  indicates  that  the  changing  hardness  level  did  not 
significantly  affect  the  cold  work  profiles.  In  summary,  the 
presented  metallographic  and  XRD  results  suggest  that  any 
change  in  the  AECC  spectra  of  these  shot-peened  specimens 
with  increasing  hardness  must  be  mainly  due  to  the  strong 
influence  of  very  fine  precipitates  on  how  the  eddy  cur¬ 
rent  conductivity  spectrum  of  the  material  responds  to  shot 
peening. 

Figure  7  shows  the  bulk  AECC  versus  Rockwell  C  hard¬ 
ness  in  the  twelve  shot-peened  IN718  specimens  listed  in 
Table  1.  The  error  bars  represent  the  estimated  ±1%  uncer¬ 
tainty  of  the  absolute  AECC  measurement  and  the  solid  lines 
are  quadratic  regressions.  Since  we  did  not  have  a  chance  to 
measure  the  electric  conductivity  of  the  intact  specimens  be- 
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Fig.  6  XRD  residual  stress  and 
cold  work  profiles  of 
shot-peened  IN718  specimens 
of  various  hardness  levels 


a) 


b) 


Depth  [mm] 


Depth  [mm] 


c) 


d) 


Depth  [mm]  Depth  [mm] 


Hardness,  HRC 

Fig.  7  Bulk  AECC  versus  Rockwell  C  hardness  in  shot-peened  IN718 
specimens 

fore  shot  peening,  we  defined  the  intact  “bulk”  AECC  as  the 
average  AECC  measured  between  0.6  and  1.1  MHz,  a  fre¬ 
quency  range  that  corresponds  to  a  depth  range  of  roughly 
0.26-0.36  mm.  As  expected,  this  bulk  parameter  is  very  sus¬ 
ceptible  to  precipitation  hardening,  but  not  affected  at  all 
by  surface  treatment.  A  quick  comparison  with  the  residual 
stress  and  cold  work  profiles  shown  in  Eig.  6  verifies  that 
at  such  depths  the  effects  of  shot  peening  are  completely 
negligible.  An  additional  proof  of  this  fact  is  provided  by 
Eig.  7  which  shows  that  the  bulk  electric  conductivity  is  es¬ 
sentially  the  same  at  both  peening  intensities  regardless  of 


the  hardness  level.  As  the  hardness  increases,  the  electric 
conductivity  first  drops  from  ~1.56%  lACS  at  HRC  25  to 
~1.54%  lACS  at  HRC  32,  then  increases  to  ~1.67%  lACS 
at  HRC  46.  It  is  important  to  point  out  that  over  the  hardness 
range  of  practical  interest  for  engine  applications  (above 
HRC  40)  the  electric  conductivity  is  a  monotonic,  therefore 
invertible,  function  of  hardness,  which  could  be  exploited 
later  to  correct  for  the  spurious  influence  of  hardness  on  our 
eddy  current  results. 

Eigure  8  shows  the  apparent  eddy  current  conductivity 
change  A  AECC  spectra  in  twelve  shot-peened  specimens 
of  Almen  4A  and  6A  intensity.  At  around  HRC  39  the  “clas¬ 
sical”  positive  AAECC  changes  sign,  while  above  HRC  43 
the  negative  AAECC  is  small  but  measurable.  The  continu¬ 
ous  transformation  of  the  regular  positive  AAECC  spectrum 
into  an  irregular  negative  AAECC  spectrum  as  the  hardness 
increases  indicates  the  increasing  role  of  spurious  cold  work 
effects  over  the  principal  residual  stress  effect.  The  grad¬ 
ual  transformation  of  the  AAECC  spectrum  of  shot-peened 
IN718  clearly  indicates  a  close  correlation  with  the  gradual 
growth  of  y"  precipitates,  although  at  this  point  the  contri¬ 
bution  of  other  subtle  changes,  such  as  short-range  ordering 
in  the  y  matrix,  cannot  be  excluded  either.  Undoubtedly,  this 
indirect  influence  of  hardness  on  the  eddy  current  response 
of  surface-treated  nickel  alloys  presents  a  formidable  prob¬ 
lem  for  physics-based  residual  stress  profiling,  but  does  not 
exclude  the  feasibility  of  a  simpler  empirical  method  since 
the  bulk  conductivity  of  the  material  can  be  exploited  for 
correction  purposes  as  a  measure  of  precipitation  hardening. 
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Fig.  8  Apparent  eddy  current 
conductivity  change  (AAECC) 
spectra  in  twelve  shot-peened 
specimens  of  Almen  4 A  and  6 A 
intensity 
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4  Conclusions 

The  potential  of  thermal  relaxation  in  shot-peened  engine 
components  at  elevated  operational  temperatures  necessi¬ 
tates  repeated  checks  of  the  remaining  residual  stress  lev¬ 
els  during  periodic  maintenance.  Since  existing  inspection 
methods  either  cannot  be  applied  to  subsurface  residual 
stress  assessment  or  are  destructive  in  nature,  new  nonde¬ 
structive  characterization  methods  are  being  sought  to  re¬ 
place  or  supplement  them.  Eddy  current  conductivity  spec¬ 
troscopy  has  emerged  as  one  of  the  leading  candidates  for 
nondestructive  residual  stress  profiling  in  surface-treated 
metals.  This  is  an  experimental  method  that  will  require  fur¬ 
ther  research  before  it  can  be  applied  in  field  inspection. 
Currently,  its  feasibility  for  quality  monitoring  during  man¬ 
ufacturing  and  assessing  subsequent  relaxation  during  ser¬ 
vice  has  been  demonstrated  only  for  certain  nickel-base  su¬ 
peralloys.  The  main  limitation  of  residual  stress  profiling  by 
eddy  current  conductivity  spectroscopy  is  that,  although  the 
method  is  sensitive  enough  to  weak  elastic  strains  to  be  prac¬ 
tically  useful,  it  is  not  sufficiently  selective  to  them.  Because 


of  these  limitations,  eddy  current  conductivity  spectroscopy 
cannot  be  expected  to  replace  XRD  residual  stress  measure¬ 
ments.  However,  because  of  its  relative  simplicity  and  non¬ 
destructive  nature,  it  might  supplement  the  more  accurate 
but  destructive  XRD  technique. 

This  paper  presented  new  experimental  results  that  indi¬ 
cate  that  in  some  popular  nickel-base  superalloys  the  rela¬ 
tionship  between  the  electric  conductivity  depth  profile  and 
the  sought  residual  stress  profile  is  more  tenuous  than  pre¬ 
viously  thought.  It  was  shown  that  in  IN718  the  relationship 
is  very  sensitive  to  the  state  of  precipitation  hardening  and, 
if  left  uncorrected,  could  render  this  technique  unsuitable 
for  eddy  current  residual  stress  profiling  in  components  of 
36  HRC  or  harder,  i.e.,  in  most  critical  engine  applications. 
The  presented  experimental  results  suggest  that  the  observed 
dramatic  change  in  the  eddy  current  response  of  the  material 
to  surface  treatment  in  hardened  IN718  is  probably  caused 
by  very  fine  nanometer- scale  y"  and,  to  a  much  less  de¬ 
gree,  y'  precipitates  rather  than  micrometer- scale  features, 
such  as  changing  grain  size  and  5  phase  and  carbide  precip¬ 
itates.  This  study  was  limited  to  establishing  the  crucial  role 
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of  y"  precipitate  coarsening  in  eddy  current  characterization 
of  surface-treated  precipitation-hardened  IN718  nickel-base 
superalloys.  The  underlying  physical  mechanisms  responsi¬ 
ble  for  this  behavior  will  have  to  be  further  investigated  in 
the  future. 

Finally,  it  should  be  stated  that,  in  theory,  differences 
in  processing  of  IN718  might  be  important  for  the  ques¬ 
tions  under  investigation  because  the  5  and  y"  phases  have 
the  same  chemical  composition,  therefore  precipitation  of 
5  phase  consumes  some  of  the  Nb  that  is  available  for  the 
formation  of  y"  precipitates  during  hardening  by  thermal 
aging.  Although  our  present  study  used  exclusively  delta- 
processed  IN718,  a  preliminary  study  [26]  conducted  at  the 
Fraunhofer  Institute  in  Germany  showed  that  a  very  similar 
switch  in  the  sign  of  the  apparent  eddy  current  conductivity 
change  (AAECC)  caused  by  shot  peening  with  increasing 
hardness  also  occurs  in  regularly  processed  IN718.  A  simi¬ 
lar  systematic  study  on  regular  IN7 1 8  is  currently  underway 
in  collaboration  with  UES  and  AFRL  RXLP  and  the  results 
of  that  study  will  be  reported  in  the  near  future. 
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